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Functional imaginga b s t r a c t
Purpose: To evaluate the feasibility of using non-radioactive barium as a bone tracer for detection with
synchrotron spectral K-edge subtraction (SKES) technique.
Methods: Male rats of 1-month old (i.e., developing skeleton) and 8-month old (i.e., skeletally mature)
were orally dosed with low dose of barium chloride (33 mg/kg/day Ba2+) for 4 weeks. The fore and hind
limbs were dissected for imaging in projection and computed tomography modes at 100 lm and 52 lm
pixel sizes. The SKES method utilizes a single bent Laue monochromator to prepare a 550 eV energy spec-
trum to encompass the K-edge of barium (37.441 keV), for collecting both ‘above’ and ‘below’ the K-edge
data sets in a single scan.
Results: The SKES has a very good focal size, thus limits the ‘crossover’ and motion artifacts. In juvenile
rats, barium was mostly incorporated in the areas of high bone turnover such as at the growth plate and
the trabecular surfaces, but also in the cortical bone as the animals were growing at the time of tracer
administration. However, the adults incorporated approximately half the concentration and mainly in
the areas where bone remodeling was predominant and occasionally in the periosteal and endosteal lay-
ers of the diaphyseal cortical bone.
Conclusions: The presented methodology is simple to implement and provides both structural and func-
tional information, after labeling with barium, on bone micro-architecture and thus has great potential
for in vivo imaging of pre-clinical animal models of musculoskeletal diseases to better understand their
mechanisms and to evaluate the efficacy of pharmaceuticals.
 2016 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Molecular imaging is usually associated with nuclear medicine
in clinical settings and with the addition of florescence and infra-
red based imaging in basic sciences research. However, molecular
imaging can also be performed using absorption-based X-ray
imaging, if a suitable contrast agent (i.e., tracer) is available. Dual
energy K-edge subtraction imaging (KES) utilizes the discontinuity
in the attenuation coefficient of an element at its K-edge to specif-
ically detect distribution of that element. This can be achieved
using synchrotron sources [1–4] and with X-ray tubes [5,6]. The
focus of this article is on synchrotron techniques as the more sen-
sitive and developed of the approaches. In KES imaging, two data
sets are collected from the sample; one at slightly above and oneat slightly below the K-edge of the element of interest, followed
by their subtraction. Because the energy difference of these two
data sets is typically on the order of several hundreds of eV, the
absorption properties of other elements are only negligibly differ-
ent, therefore, the outcome is the specific map of the tracer.
Depending on the nature of experiment, different data collection
strategies can be used. Temporal subtraction of the X-ray energies
provides more sensitive data, but is only suitable for ex vivo and
in vitro experiments due to the need for two separate data acquisi-
tions [1,2]. Whereas in simultaneous subtraction methods a nar-
row range of X-ray energies encompasses the K-edge, thus both
data sets are collected at the same time, making this approach
more suitable for in vivo experiments [3,7]. Typically, the two X-
ray energies are prepared by using a focusing bent Laue crystal
(as opposed to double Bragg crystals in the temporal method)
and placing a splitter in the centre of the beam as they converge
towards the sample; the splitter separates the X-ray beams into
energies above and below the K-edge. However, this approach
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of the two beams with the sample at a crossover angle. This is of
a less concern if the sample to be imaged is homogenous or com-
posed of materials with similar absorption properties, but becomes
problematic at the interfaces of two distinct materials such as bone
and soft tissue.
The physiological process of bone turnover (i.e., remodeling) lies
at the root of many diseases such as osteoporosis, osteoarthritis,
bone cancers, etc. In order to better understand the role of remod-
eling in bone diseases, we aimed to combine anatomical imaging of
bone with functional imaging of new bone formation/turnover at
high resolution, after dynamic labeling with non-radioactive bar-
ium in rats. Barium, similar to calcium, when bioavailable will
incorporate into the hydroxyapatite mineral of newly forming
bone, and is normally only present in minute concentrations in
the body, thus when administered experimentally it can be used
as a tracer of bone formation. To visualize spatial localization of
this barium tracer in bone we used a recently modified version
of the simultaneous subtraction method called spectral KES (SKES)
[4]. This approach utilizes a bent Laue monochromator, but with-
out the splitter, that leads to a faster and more sensitive scans,
while also minimizing the ‘crossover’ artifact. This is possible
because of the better energy dispersion of the monochromator
which reduces the spectral energy blurring of previous systems.
The reduced energy blurring allows the SKES system to use beam
closer to the K-edge (less crossover angle) and offers higher flux
(no blocked beam due to the splitter). The SKES method has previ-
ously been successfully tested on phantoms and ex vivo imaging of
lungs of a mouse injected with iodine [4]. In the current study we
evaluated simultaneous KES imaging of barium incorporation in
skeleton which is more challenging due to the distinctively differ-
ent attenuation coefficients of bone and soft tissues. This initial
proof-of-principle study focused on ex vivo imaging of long bones,
with soft tissues attached, to acquire projection and computed
tomography (CT) data, but given the promising outcomes, SKES
appears as a viable method for imaging bone remodeling in live
pre-clinical animal models of musculoskeletal disease.Fig. 1. SKES imaging system. The image shows a schematic design of the SKES imaging
distance between crystal and sample due to the shortage of the rail that holds the sys
modified. In addition, if the space in experimental hutch allows, increasing the focal len
Fig. 2. Beam profile. The image shows the beam profile when the barium tank was place
is flat and dark field corrected and was captured with a Hamamatsu ORCA-Flash 4.0 de2. Materials and methods
2.1. Animals
Barium chloride dihydrate (BaCl2  2H2O, P99.9% purity, MW
244.26 g/mol) was purchased from Sigma-Aldrich (Oakville, Ontar-
io). Four groups of healthy Sprague-Dawley male rats were
included in the study: 1) Young rats of 1 month-old age (n = 5)
(i.e., developing skeleton); 2) Adults of 8 month-old age (n = 5)
(i.e., skeletally mature); 3) Young controls (n = 3); and 4) Adult
controls (n = 3). Barium chloride was dissolved in distilled water
and dosed to animals orally with a curved feeding needle at the
dosage of 58.5 mg/kg/day (equivalent to 33 mg/kg/day free Ba2+)
for 28 days. Animals were fasted 2 h before and after the adminis-
tration to minimize competitive uptake of Ca by bone during the
tracer administration. After euthanization, fore and hind limbs
were dissected and frozen for later SKES imaging. The animal use
protocol (# 20110124) was approved by the University of Sas-
katchewan Animal Research Ethics Board.
2.2. Spectral K-edge subtraction imaging
Barium distribution in the bone was evaluated in projection
(2D) and CT (3D) mode by SKES technique at the BioMedical Imag-
ing and Therapy (BMIT) bending magnet beamline [8] at the Cana-
dian Light Source (CLS). The schematic set up of the imaging
system is presented in Fig. 1. The bent Laue monochromator used
in this system provides a narrow spectral range of about 550 eV
enabling imaging both ‘above’ and ‘below’ energies around the K-
edge of barium (37.441 keV) simultaneously (Fig. 2). A (3,1,1)
reflection from a Si (5,1,1) wafer was selected [4]. The size of the
beam at focus was about 90 lm.
Barium phantoms were prepared through serial dilution of bar-
ium chloride in distilled water. Although lower concentrations
seemed to be detectable, we did not test concentrations lower than
690 lg/mL (Fig. 3). Bone samples were scanned at 100 lm pixel
size using a flat panel detector. Moreover, projections and CTsystem. Note that the distance between sample and detector is slightly less than the
tem. The rail system was initially optimized for imaging iodine, but can be easily
gth will minimize the crossover artifact by the same factor.
d in the beam path. The energy range in the SKES setup was about 550 eV. The image
tector (Field of view: 90 lm * 26 mm, Barium K-edge: 37.44 keV).
Fig. 3. Barium phantoms. Phantoms were prepared by serial dilution of the highest barium concentration. The radiographs appeared undistinguishable, but the SKES
detected barium in all tested concentrations. A concentration of less than 690 lg/mL was not tested, although lower concentrations seem to be detectable. The CT imaging of
phantoms were performed with the same parameters as imaging bones. Resolution: 52 lm voxel size.
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toms were acquired by a Hamamatsu ORCA-Flash 4.0 detector at
52 lm (binned 4 times from 13 lm) voxel size. Hamamatsu
ORCA-Flash 4.0 is a CMOS camera, thus a 10 lm thick Gd2O2S:Tb
scintillator was paired with that. A few frozen animal carcasses
were scanned in projection (data not shown) with the flat panel
detector as the field of view of the ORCA-Flash camera was not suf-
ficient. During the set up a tank filled with soluble barium was
placed in the beam to find the exact barium K-edge energy and
then was removed from the beam path. Before each scan 10 projec-
tions were collected with no object in the path, as well as 10 pro-
jections with no photons, in order to do flat and dark field
corrections, respectively. For CT imaging 900 projections over
180 degrees of rotation were collected at constant exposure time
of 15 ms. Image processing and reconstruction of CT data were per-
formed in IDL (Exelis Visual Information Solutions, Inc.) using cus-
tom written programs and a modified filtered back projection
reconstruction method. The image processing methods are
reported previously [4].Fig. 4. SKES projections. The panel represents barium distribution in the forelimbs of rat
superimposition on the X-ray radiographs. Barium was predominantly incorporated in
growth) processes. Resolution: 100 lm. (For interpretation of the references to color in3. Results
The image acquisition time for SKES in projection mode (15 cm
length) was approximately 30 s and the total measured radiation
surface dose was 0.75 mGy. Because the focal spot is small, the
sample stage has to move vertically to collect the data, however,
the surface dose will remain the same.
Short term exposure to barium at the experimented low con-
centration led to its incorporation predominantly in newly forming
bone such as at the growth plate and trabecular surfaces of articu-
lar joints (Fig. 4). In the older animals because the skeleton is fully
developed, only remodeling events occur, whereas in the juvenile
animals both remodeling and growth (i.e., modeling) events are
present. As a result, in the juvenile rats significantly higher concen-
trations of bariumwere detected in the bones (Figs. 4 and 5). More-
over, in the adult rats, barium was not detected in the cortical
bone, whereas in the juveniles, barium was incorporated both in
the cortical and trabecular bone. The exception was in the perios-
teal and endosteal layers of the cortical bone of adults that alsos. The ‘fusion’ image shows barium (green color) in the bone after noise removal and
the newly formed bone either through remodeling (i.e., turnover) or modeling (i.e.,
this figure legend, the reader is referred to the web version of this article.)
Fig. 5. High resolution SKES projections. The panel represents quantitative distribution of barium in the femora (thigh bones) of rats. Note that barium concentration in the
juvenile animal is approximately twice the concentration in the adult. The faint signal in the control animal is likely caused by ‘crossover’ artifact and is not real. Resolution:
52 lm.
Fig. 6. SKES CT. The panel shows distribution of barium in the cortical bone of rats. A significant amount of barium was detected in the cortical bone of the femoral diaphysis
in juvenile rats, as a result of bone elongation process and skeleton development. However, in the adults only a low concentration was detected in the periosteal and
endosteal layers of the cortical bone, and not the entire cortex. No barium was detected in the control animal. The radiograph indicates the region where the CT slice is
derived from. The barium images are post-processed with a median filter (radius = 1) to suppress the background noise. Resolution: 52 lm voxel size.
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though at much lower concentration than younger animals
(Fig. 6). As expected, no barium was detected in bones of the con-
trol groups. Besides the skeleton, barium was also detected in the
gastrointestinal tract as its excretion route, and because the ani-
mals were euthanized a few hours after the final barium feeding
and had not passed the barium.4. Discussion
Barium is typically used in fluoroscopic imaging of gastroin-
testinal tract in form of insoluble barium sulfate [9]. However, if
soluble, barium is taken up by the skeleton and can be viewed as
a surrogate for calcium. The attenuation coefficient of barium
increases by a factor of 5.2 above its K-edge (37.44 keV), that along
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experimental tracer to investigate bone turnover. Our group has
recently evaluated barium as a bone tracer for detection with tem-
poral KES method [10] and here we utilized a simultaneous sub-
traction method for that purpose. The soluble form of barium,
though toxic above certain quantities, was necessary to use in this
study in order to pass it to the bloodstream and ultimately deliver
to the skeleton. The main toxic effects of barium are on the cardio-
vascular system by blocking potassium channels that will cause
cardiac arrhythmia and in acute cases death, as well as nephrotoxic
effects [11]. Toxicological studies in rats dosed with barium chlo-
ride in their drinking water for 13 weeks have found its no-
effect-level to be 2000 ppm [11,12]. During that 13-week study
water consumption by rats varied, but the average cumulative bar-
ium intake for male rats was 2270 mg, that accounts for 25 mg/day
Ba2+. In our study barium was orally administered to animals to
eliminate the variability in water consumption. The dosage was
adjusted according to their weights every week. The juvenile and
adult rats in this study received the respective average barium
doses of 10.6 mg/day and 20.7 mg/day Ba2+ over 4 weeks, that is
below the toxic levels. In agreement with the literature, in this
study we did not witness any signs of toxicity or discomfort in
the treated rats. All rats treated with barium continued to gain
weight at the same rate as control rats.
The SKES is a powerful and sensitive method for contrast ele-
ment imaging. This article presents the application of simultane-
ous K-edge subtraction for detection of contrast agents in bone.
Collecting 2D projections of the bones were simple, accurate,
quick, and resulted in low radiation dose. The conventional simul-
taneous subtraction method uses a bent Laue monochromator
with a splitter in the middle that blocks one third of the beam to
separate two X-ray beams at above and below the K-edge energy
[3,7]. In the SKES method no splitter is used resulting in a smaller
focal point, higher flux, and technical simplicity. With respect to
the latter point, the small BMIT-BM beam height of 7 mm with a
roughly Gaussian distribution posses challenges for implementing
a splitter which would remove the most intense portion of the
beam [4]. The vertical resolution in this system is limited by the
current focal size of 90 lm, though a smaller focal point could
be achieved.
From a medical imaging perspective, the main challenge with
the simultaneous KES methods is to minimize the ‘crossover’ arti-
fact that is created due to the use of bent crystals. The crossover
artifact occurs because the imaging system focuses the beam ver-
tically at the object location, therefore, the X-ray path that each
ray takes is slightly different in the vertical plane. Since the beam
has a range of energies, parts of the object that have strong spatial
absorption differences will have differential absorption as a func-
tion of energy. It is this energy dependent absorption that allows
the contrast agent to be imaged in the object. However, because
X-rays reach the sample at a slightly different location it can also
causes crossover artifact. If the high energy part of the beam is
preferentially absorbed, there will be a true appearance or artifact
of the contrast material. Conversely, a preferential absorption of
the low energy component of the beam will result in a ‘negative’
artifact of the contrast material in the image. This is less pro-
nounced in imaging soft tissues such as detection of xenon in lungs
[13,14], or heart angiography with iodine [3,7], but becomes prob-
lematic at the interface of two tissues with very distinct attenua-
tion coefficients such as bone and soft tissue. Furthermore, in
larger objects more parts of the sample are placed out-of-focus,
thus resulting in more artifact. In our system, the range of angles
at the crossover was minimized by reducing the vertical beam size
to be just bracketing the contrast element K-edge value. Also, hav-
ing good energy dispersive properties offered a well-defined (in
angle) width of the K-edge transition which is a few electron-volts in width and quite close to the intrinsic value. Finally, the
crossover artifact can be further reduced by focusing the beam at
a greater distance to narrow the gap between the ‘above’ and ‘be-
low’ X-ray beams. The present system has a relatively short focal
length (1.5 m) to allow the entire imaging system to be placed
within the experimental hutch on a rail system (3 m length).
Increasing the focal length would decrease the overall crossing
angle of the beam by the same factor.
Chemical shifts will be small for higher-Z elements such as bar-
ium at the K-edge. The small changes in the electronic environ-
ment due to bonding will have little effect on the tightly bound
K-shell electron transition energy. In addition, the deflection of
the imaging beams due to refraction at these energies is quite
small. However, we do see refraction or phase contrast effects with
this imaging method, but this requires a detector with sufficient
spatial resolution to observe phase contrast. A pixel size of
20 lm or smaller would allow phase contrast to be observed on
the BMIT-BM beamline, but only in the horizontal direction since
there is a large range of angles in the vertical direction. Therefore,
refraction in the vertical direction will not affect the analysis. In
this study the distance between the crystal and object (i.e., at
focus) for each scanned sample was optimized in post-processing
to virtually move the focus to find the best focal spot that leads
to better suppression of the artifact. If different samples of the
same bone type were scanned, depending on the size of the bone
this value did not change beyond 1–3 mm among samples. Overall,
we witnessed that the ‘crossover’ artifact is more severe in CT
slices and in areas with high structural variations.
In the proposed methodology here, non-radioactive barium was
used as a tracer of bone turnover. Functional imaging of bone using
radioactive tracers is routinely available with 99mTc-MDP single
photon emission computed tomography (SPECT) and 18F positron
emission tomography (PET) at resolutions of 1–2 mm, however,
the SKES method offers better spatial resolution and prevents pos-
sible complexities of using radioisotopes. The SKES method com-
bined with barium as a tracer is a powerful method to
investigate the role of bone in various musculoskeletal diseases
to understand the mechanisms of those diseases. Furthermore,
the presented methodology provides both anatomical and func-
tional information of the bone micro-architecture in a single scan.
Because, this method is non-invasive the samples could be
retrieved for subsequent histological evaluation. Non-radioactive
barium in sulfate form has been used as an angiographic contrast
agent [15,16] and also for imaging micro-damage in bone [17]
using synchrotron imaging techniques. However, to the best of
our knowledge this is the first report on synchrotron detection of
non-radioactive water-soluble barium as a tracer of bone turnover.5. Conclusions
The temporal KES method, while being highly effective for
ex vivo samples, is not ideal for in vivo imaging due to the necessity
of holding the animal perfectly still for two successive scans – a
requirement which is largely unfeasible. The conventional simulta-
neous KES method has been used in live subjects, but is susceptible
to moderate ‘crossover’ artifact. The presented SKES method scans
the X-ray energies simultaneously, minimizing the motion artifact,
is quick and is less susceptible to ‘crossover’ due to the better
energy dispersion allowing a smaller range of angles through the
object. The SKES method has great potential, after barium admin-
istration, for investigation of the role of bone remodeling in muscu-
loskeletal diseases initiation and progression. For example, it can
be used for rapid scout scanning of live animals for detection of
bone metastasis in cancer animal models and to evaluate treat-
ment efficacy of potential therapeutics.
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